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1. Introduction
1.1. From Noble to Base Metals
Transition metal catalysis is an established and highly
efficient method for the formation of C@C bonds. Although
palladium (Pd) is still the most widely employed transition
metal (TM), row 4 base metals are rapidly emerging as
equally (or more) efficient alternatives.[1] Although catalyst
loadings are often still high, the large earth abundance and
low cost of base metals compared to Pd make them highly
attractive from an economic standpoint (Table 1). Ligand
design will play a major role in the further development of
these catalysts.[2]
Isocyanides (RNCs) are versatile
building blocks for the synthesis of
small molecules, and have found wide-
spread use in medicinal[3] and combi-
natorial chemistry.[4] Most prominent-
ly, RNCs are highly valuable for multi-
component reactions (MCRs) and
one-pot cascade processes in the con-
text of diversity-oriented synthesis.[5]
More recently, RNCs have also been
utilized in transition-metal-catalyzed
cross-couplings, exploiting their isoe-
lectronic nature to carbon monoxide
(Figure 1).[6] The interest in transition-
metal-catalyzed reactions involving
isocyanides has increased significantly
over the past decade (Figure 2).[7] Be-
cause of its predictable nature and
well-defined catalytic reactivity, Pd in
particular has been extensively inves-
tigated in these imidoylative cou-
plings.[8]
Despite the ubiquity of Pd in these
imidoylative cross-couplings, recent
studies increasingly employ base met-
als (or complexes thereof) as alterna-
tive catalysts. Apart from the econom-
ic benefits, base metals are more likely
to undergo single electron processes, whereas Pd participates
in two-electron processes.
Isocyanides are diverse C1 building blocks considering their potential
to react with nucleophiles, electrophiles, and radicals. Therefore,
perhaps not surprisingly, isocyanides are highly valuable as inputs for
multicomponent reactions (MCRs) and other one-pot cascade pro-
cesses. In the field of organometallic chemistry, isocyanides typically
serve as ligands for transition metals. The coordination of isocyanides
to metal centers alters the electronic distribution of the isocyano
moiety, and reaction pathways can therefore be accessed that are not
possible in the absence of the metal. The tunable reactivity of the
isocyanide functional group by transition metals has evolved into
numerous useful applications. Especially palladium-catalyzed isocy-
anide insertion processes have emerged as powerful reactions in the
past decade. However, reports on the use of earth-abundant and cheap
base metals in these types of transformations are scarce and have
received far less attention. In this Minireview, we focus on these
emerging base metal catalyzed reactions and highlight their potential
in synthetic organic chemistry. Although mechanistic studies are still
scarce, we discuss distinct proposed catalytic cycles and categorize the
literature according to 1) the (hetero)atom bound to and 2) the type of
bonding with the transition metal in which the (formal) insertion
occurs.
Table 1: Earth abundance and bulk cost of fourth-row transition metals
and Pd.
Group Metal Content in the Earth’s
crust [ppm][9]
Price [E/mol][10]
IV Ti 5600 0.21a
V V 160 4.22a
VI Cr 100 0.49a
VII Mn 950 0.12
VIII Fe 41000 0.004
IX Co 10 3.17
X Ni 70 0.62
X Pd 0.01 4693.12
XI Cu 100 0.35
XII Zn 75 0.14
[a] Mined and sold as the bulk ferrous metal.
Figure 1. Isoelectronic nature of RNC and CO.
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This shift poses new challenges and introduces novel
catalytic mechanisms of action that offer exciting opportu-
nities for further reaction development.[11] With this Minire-
view, we would like to focus the attention of the synthetic
organic chemist to promising base metal catalyzed processes
involving isocyanide insertion and highlight proposed mech-
anistic aspects of these interesting reactions.
1.2. Isocyanide Insertion Pathways
The term “isocyanide insertion” is commonly used by
organic chemists to describe TM-mediated or -catalyzed
transformations in which the isocyanide moiety is inserted
into a s- or a p-bond. This only refers to the overall result of
the reaction and does not suggest a mechanism. Upon
studying the reported mechanistic proposals of base metal
catalyzed imidoylation reactions, different insertion pathways
affording the reactive imidoyl metal intermediates can be
distinguished (Scheme 1). First, 1,1-migratory insertion of the
isocyanide into a metal–carbon bond (1), formed in situ by
oxidative addition to TMn, furnishes the imidoyl metal species
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2 (Type I, Scheme 1a1). Very similarly, 1,1-migratory inser-
tions of isocyanides into in situ formed metal–heteroatom or
metal–carbon bonds, via transmetalation or coordination/
deprotonation on TMn+2, have also been reported (Type I,
Scheme 1a2; Y= C, N, O, S, etc.). These insertion mecha-
nisms have been studied extensively in imidoylative trans-
formations,[12] and are observed for most of the fourth row
base metals (Sc,[13] Ti,[14] V,[15] Mn,[16] Fe,[17] Co,[18] Ni,[19] and
Cu[20]). The isocyanide–metal interaction is a coordinate
covalent bond. The resulting imidoyl metal species 2 can
react with a variety of coupling partners, including nucleo-
philes (oxidatively), electrophiles (redox-neutral), and radical
acceptors in order to arrive at the overall insertion reaction
product 3. In addition, the increased electrophilicity of
coordinated isocyanides, especially when coordinated to
higher-valent TMn centers (4), allows for direct attack of
a nucleophile on the isocyanide carbon atom, resulting in
imidoyl metal species 2’ (Type II, Scheme 1b).[6a] This is
similar to intermediate 2 in Type I insertion processes, making
Type I and II imidoylative pathways often indistinguishable.
To date, theoretical and experimental investigations to clarify
the exact mechanisms of imidoylative couplings are still
limited.[21]
In addition to Type I and II pathways, various other base
metal catalyzed and mediated transformations involving
carbene or nitrene transfer have been referred to as
isocyanide insertion reactions. From a mechanistic point of
view, isocyanide migratory insertion occurs into a metal–
carbon or metal–heteroatom p-bond rather than the s-bond,
yielding metallacycle 6 and subsequently N-metalated kete-
nimine/carbodiimide 7. Upon reaction with a nucleophile
product 3 is obtained. Therefore, these reactions can mech-
anistically be regarded as “formal insertions” starting from
the corresponding metal nitrene or carbene species 5, and
they will be discussed in a different category (Type III,
Scheme 1c). The use of isocyanides as radical acceptors in
cyclization reactions will not be discussed here as these
reactions were extensively reviewed by Studer in 2015.[22]
These transformations are often not catalytic, applying the
metal as a stoichiometric oxidant. Alternatively, a catalytic
base metal can be used in combination with a stoichiometric
organic oxidant. In both cases, there is mechanistically no
insertion with a metal-bound isocyanide involved, but the
reaction rather proceeds through a formal insertion based on
a radical relay cascade.
Scheme 1. Isocyanide insertion pathways. Nu = nucleophile, El =electrophile.
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This Minireview aims to highlight the versatile insertion
chemistry of isocyanides with fourth-row transition metals.
The quite diverse examples of base metal catalyzed imidoy-
lations appearing in recent literature were categorized
according to the TM species involved in the (formal) insertion
proposals. The synthetic utility of these processes largely
depends on the variety of isocyanides that can be used.
Therefore, we devoted specific attention to the isocyanides
utilized, highlighting current applications in organic synthesis.
When applications in multicomponent reactions are dis-
cussed, the different components were color-coded so that the
origin of the different atoms in the final products is easily
recognized.
2. Insertions of Isocyanides into Carbon–Metal
Species
2.1. Imidoylations Initiated by Oxidative Addition of
Organohalides
One of the most facile and widespread ways of construct-
ing C@TM bonds is the oxidative addition of aryl (pseudo)-
halides to low-valent transition metal centers. Subsequent
imidoylation typically occurs through a 1,1-migratory inser-
tion reaction of Type I into the preformed TM@C bond. An
early example involving imidoylative cobalt catalysis was
reported by Yamamoto and co-workers in 1991 (Scheme 2).[23]
Diiminofurans 10 were obtained in moderate yields, although
no optimization was reported. Mechanistic investigations
implied that the active catalyst is a CoI species. Initial
oxidative addition of a-bromoacetophenone (8) is followed
by double isocyanide insertion. Then, intramolecular alkox-
ylation via the corresponding enolate and subsequent reduc-
tive elimination of intermediate 12 affords the diiminofurans
10.[23]
The group of Zhu reported a nickel-catalyzed synthesis of
isocoumarins 15 and 3-alkylidenephthalides 17 (Scheme 3).
The reaction starts with oxidative insertion of Ni0 into
a C(sp2)–halogen bond, followed by 1,1-migratory insertion
of Type I. The resulting imidoyl nickel species undergoes
intramolecular nucleophilic attack by an enolate similar to the
reaction described in Scheme 2. Acidic hydrolysis of the
iminolactone affords the products 15 or 17 in good to
excellent yields.[24] The isocyanide was used as a CO surro-
gate, and only tert-butyl isocyanide (14) was employed in
these reactions.
Wang and co-workers reported the synthesis of 2-sub-
stituted benzoxazoles (20) in a Ni-catalyzed reaction (Sche-
me 4a).[25] The 3-CR proceeds via an imidoylative Buchwald–
Hartwig-type reaction forming amidine 21, which subse-
quently undergoes intramolecular condensation. Only
t-BuNC (14) was used as a C1 donor. In addition, saturated
2-aminoalcohols 22 afford the corresponding oxazolines (23)
in good yields (Scheme 4 b). The authors did not comment on
how the active Ni0 catalyst might be formed from NiCl2. The
efficiency is competitive to that of the analogous Pd-catalyzed
process.[26]
Recently, a copper-catalyzed hydroxyimidoylation of aryl
halides was reported as a “CO-free” aminocarbonylation.[27]
The mechanism presumably involves the oxidative addition of
Scheme 2. CoI-catalyzed synthesis of diiminofurans 10.
Scheme 3. Ni0-catalyzed alkoxyimidoylation.
Scheme 4. Ni0-catalyzed aminoimidoylation/condensation cascade.
Angewandte
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the aryl halide to the CuI center. The use of aryl iodides or
bromides (19a,b) afforded benzamides 24 a, b in excellent
yields (Scheme 5). However, with aryl chlorides, the yields
were reduced significantly. Both secondary and tertiary
aliphatic isocyanides were well tolerated in this reaction,
whereas primary aliphatic isocyanides were not investigated.
A similar transformation was accomplished by using
aryldiazonium salts 25 (Scheme 6). Again, secondary and
tertiary aliphatic isocyanides were well tolerated.[28] The
yields of benzamides 26 were substantially lower than
reported for the analogous process described in Scheme 5.
However, the reaction proceeded at significantly lower
temperatures and required a much lower catalyst loading.
Another interesting Type I process furnishes 2-borylated
indoles 29 from o-isocyanostyrenes 28 under CuI catalysis.[29]
Utilizing boronic esters, rather than aryl halides, the in situ
formed borylcopper species 30 undergoes 1,1-migratory
insertion of isocyanide 28 to afford imidoyl copper species
31 (Scheme 7). Hereafter, alkene insertion and methanol-
mediated protolysis afford the 2-borylated indoles 29 in good
yields. The copper-catalyzed reaction is compatible with
diversely functionalized o-isocyanostyrenes 28, although
electron-poor substrates gave lower yields. The synthetic
utility of products 29 was demonstrated by several post-
cyclization modifications, including a highly efficient total
synthesis of the kinase inhibitor paullone (33).
In a related process, the transmetalation of aryl boronic
acids 34 to CuII salts furnishes aryl copper species 36.
Subsequent 1,1-migratory insertion of isocyanide 28 into the
copper–carbon bond furnishes the imidoylcopper species 37
(Scheme 8). This is followed by a cyclization and protodeme-
talation of intermediate 38 to afford the 2-arylated indoles
35.[30] The proton source is unclear here, and the authors did
not comment on it. The reaction tolerates electron-donating
and electron-withdrawing substituents on both the boronic
acid (34) and the isocyanide (28). However, 2-isocyanostyr-
enes without an electron-withdrawing group at the conjugat-
ed double bond position did not afford the corresponding
2-arylindoles 35.
2.2. Imidoylations Initiated by C@H Bond Cleavage
Direct C@H functionalization with transition metals is
more attractive than the use of preactivated organo-
(pseudo)halides in cross-coupling chemistry and can be
Scheme 5. CuI-catalyzed hydroxyimidoylation of aryl halides.
Scheme 6. CuI-catalyzed hydroxyimidoylation of aryl diazonium salts.
Scheme 7. 2-Borylindole synthesis through a CuI-catalyzed coupling
and application to the synthesis of paullone (33 ; R2 =H; EWG =
CO2Me).
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considered as a potentially more sustainable process.[31]
Besides oxidative addition, other mechanisms for C@H bond
cleavage to form a TM@C bond are possible (e.g., concerted
metalation deprotonation (CMD), s-bond metathesis). Sub-
sequent isocyanide insertion into a TM@C bond then typically
occurs through a Type I 1,1-migratory insertion (Scheme 1).
Although TM-catalyzed C@H bond functionalization com-
bined with CO or isocyanide insertion is still dominated by
Pd,[32] recently, significant advances have been made in
analogous base metal catalyzed processes.
Already in 1987, Jones and co-workers reported the
C(sp2)@H activation of benzene by oxidative addition using
an electron-rich iron catalyst. Combination of the Fe0
catalytic system shown in Scheme 9 with neopentyl isocyanide
(39) and benzene affords the corresponding aldimine 40.[33]
This reaction also proved successful using toluene or xylene
instead of benzene. Curiously, this iron catalyst is deactivated
when the irradiation is stopped. The authors propose a light-
induced dissociation of isocyanide to the catalytically active
Fe0(RNC)2(PMe3)2 complex 41. Increasing the isocyanide
concentration leads to formation of Fe(RNC)3(PMe3) via
ligand exchange, inhibiting imidoylation.
The first cobalt-catalyzed imidoylative process involving
C@H activation was reported in 2017. In this process,
iminoindolinones 46 were obtained from benzamides 45 by
employing Ag2CO3 as the optimal stoichiometric oxidant
(Scheme 10).[34] The oxidant brings the cobalt salt to the
required oxidation state. The bidentate 8-aminoquinoline
functionality is essential and serves as a directing group,
presumably initiating the formation of cobaltacycle 47.
Though not mentioned, C@H cleavage presumably occurs
through a CMD mechanism. Only t-BuNC and 2,6-xylyl
isocyanide were used successfully in this transformation.
The use of weakly acidic trifluoroethanol (TFE) as
a solvent yields other products from benzamides 45
(Scheme 11).[35] Interestingly, under these conditions, another
iminoindolinone isomer 49 was predominantly obtained. The
key step in this reaction is most likely the oxidative
alkoxyimidoylation of 45 to eventually form imidate 50. This
involves an initial directing group assisted C@H activation via
CMD and a 1,1-migratory insertion of the precoordinated
isocyanide to afford intermediate 48. From this intermediate,
the authors propose that a reductive addition of TFE to the
imidoyl–CoIII moiety followed by protodemetalation gener-
ates intermediate 50 (Scheme 11). The resulting CoI species
are subsequently oxidized by AgI to the active CoIII species.
Subsequent intramolecular transamidation of intermediate 50
furnishes product 49 (Scheme 11). Mechanistic studies to
determine the kinetic isotope effects, the addition of a radical
scavenger, and experiments with isolated Co complexes
Scheme 9. Aldimine synthesis by Fe0-catalyzed imidoylation of arenes.
Scheme 10. CoIII-catalyzed amidoimidoylation of benzamides in chlor-
obenzene. Q =8-quinolinyl.
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support the catalytic cycle put forward. C@H activation is not
rate-limiting.
Gu and co-workers reported a similar transformation,
employing t-BuOOH as an alternative oxidant
(Scheme 12).[36] Their conditions tolerate functionalized
acrylamides 51 in addition to benzamides (45), although also
only in combination with tertiary aliphatic and xylyl isocya-
nides. The chemoselectivity is sufficiently high to simulta-
neously tolerate the presence of other directing groups on
substrate 51 (e.g., (di)azine, pyrazole), selectively affording
quite a range of functionalized iminophthalimides 52 in
moderate to excellent yields. The authors proposed similar
intermediates for this reaction towards 52 as were postulated
for the imidoylative C@H functionalization reaction of
benzamides 45 described in Scheme 10.
Starting from similar N-quinolinylbenzamides 45, a nick-
el-catalyzed C@H functionalization is also possible employing
tBOOtBu as the oxidant, and provides the corresponding
iminoisoindolinone 46 in reasonable yields (Scheme 13).[37]
The intramolecular kinetic isotope effect of this NiII-catalyzed
reaction indicates that C@H cleavage is a kinetically relevant
process (not necessarily the rate-limiting step of the cycle).
Though not mentioned, the reaction presumably proceeds
through a CMD mechanism. No radical mechanism seems to
be involved based on TEMPO addition experiments. The
reaction is, however, also quite limited in terms of the
isocyanide scope (R2 = xylyl or t-Bu).
The first copper-catalyzed imidoylative C@H functional-
ization was reported by Miura and co-workers (Scheme 14).
Compared to the above Co- or Ni-catalyzed processes, this
Type I imidoylative reaction requires harsher conditions and
higher catalyst loadings.[38] The type and stoichiometry of the
additives was optimized experimentally although their role
remained unclear. The regioselectivity of this CuI-catalyzed
imidoylative C@H functionalization using 3-substituted ben-
zamides 45 towards the corresponding iminoisoindolinones 46
is moderate to good (1.5:1–7.2:1). However, only xylyl and
tertiary aliphatic isocyanides proved successful.
Finally, a Type I 1,1-migratory insertion process was used
to prepare 1,2,3-triazolo[1,5-a]quinoxalines 55 from 1-azido-
2-isocyanoarenes (54) and terminal alkynes 53 (Scheme 15).
The cycloaddition of azide 54 and an in situ formed copper–
alkynyl species followed by intramolecular isocyanide inser-
tion facilitates formation of the organocopper intermediate
57. The triazoloquinoxalines 55 are generated by subsequent
protodemetalation with terminal alkynes, concomitantly re-
generating the copper alkynyl species. Although the authors
did not comment on the actual oxidation state of the active
organocopper species in this reaction, CuI catalysis seems
likely. Both aromatic and aliphatic terminal alkynes are
tolerated.[39] The authors reported extensive Rh-catalyzed
follow-up chemistry with the reaction products.
2.3. Imidoylations Initiated by Cyclometalation
Cycloadditions are widely appreciated as effective C@C
bond-forming reactions.[40] In particular, the Pauson–Khand
reaction is a well-known cycloaddition involving CO as a C1
Scheme 12. CoIII-catalyzed amidoimidoylation of benzamides and acryl-
amides. Q =8-quinolinyl.
Scheme 13. NiII-catalyzed amidoimidoylation of benzamides. Q = 8-
quinolinyl.
Scheme 14. CuI-catalyzed amidoimidoylation of benzamides. Q = 8-
quinolinyl.
Scheme 15. Triazoloquinoxaline (55) synthesis most likely catalyzed by
CuI. AAC = azide–alkyne [3+2] cycloaddition.
Angewandte
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reactant.[41] In relation to this, we discuss in the Section recent
advances in combining in situ formed cyclometalates with
isocyanides. These Pauson–Khand-type processes are highly
interesting considering the involvement of multiple bond-
forming transformations, and generate relatively high levels
of complexity in a single step. The insertion step proceeds
through a Type I 1,1-migratory insertion into a TM@C bond.
An early example of a nickel-mediated Pauson–Khand-
type reaction involving an isocyanide in combination with
tethered enynes was reported by Tamao and co-workers
(Scheme 16).[42] The reaction presumably proceeds through
coordination of the enyne (58) to the Ni0 center followed by
oxidative cyclometalation to furnish intermediate 61. Subse-
quent Type I 1,1-migratory insertion of xylyl isocyanide (9)
affords imidoyl nickel intermediate 62, which can undergo
reductive elimination to afford product 59. As excess
isocyanide poisons the Ni0 catalyst, stoichiometric Ni(cod)2
is required to bring the reaction to completion.
A variant of the same reaction was reported by Buchwald
and Zhang (Scheme 17).[43] They used silyl cyanide 63, which
is in equilibrium with its silyl isocyanide isomer (see
Scheme 18), to keep the effective isocyanide concentration
as low as possible, preventing poisoning of the Ni0 catalyst.
Imidoylative Pauson–Khand-type reactions have also
been reported with other metals as exemplified by
a titanocene(II)-catalyzed process (Scheme 18).[44] Again, to
prevent inhibition, the isocyanide concentration was kept low
by employing silyl cyanide 63. Post-cyclization hydrolysis gave
the corresponding bicyclic enones 64 in good yields.
A hetero-[2+2+1] Pauson–Khand-type cycloaddition of
2-alkynylaryl isothiocyanates 68 and isocyanides yields
thieno[2,3-b]indoles 69 (Scheme 19). The cyclonickelate in-
termediate 70 is formed by oxidative cycloaddition.[45] Control
experiments indicated that the active catalyst is indeed a Ni0
species, which is generated in situ from the NiII precursor
without addition of an external reducing agent. Notably, the
catalyst loading is low, but the reaction still tolerates a rather
broad range of aliphatic, aromatic, and a-acidic isocyanides.
The yield is somewhat lower for the notoriously unstable
naphthyl isocyanide (60 %), but in general this transformation
proceeds with high efficiency.
Odom and co-workers reported a three-component re-
action of amines, internal alkynes, and isocyanides to give
enaminoimines 74, catalyzed by titanium catalyst 73
(Scheme 20).[46] With unsymmetrical alkynes, the regioisom-
ers of 74 depicted in Scheme 20 were formed in moderate to
good (1.2:1–6:1) selectivity. The reaction proceeds via a meta-
thesis-like process of an alkyne (72) with the in situ formed
titanium nitrene 75, forming azatitanacyclobutene 76.[47]
Subsequent isocyanide insertion affords imidoyl intermediate
77. This intermediate can undergo double protodemetalation
by another amine (71) to furnish 1-azadienes 74 and
regenerate the titanium nitrene 75. These enaminoimines 74
Scheme 16. Ni0-mediated imidoylative Pauson–Khand-type reaction to
generate enimines 59.
Scheme 17. Ni0-catalyzed imidoylative Pauson–Khand-type reaction
with silyl cyanides.
Scheme 18. TiII-catalyzed Pauson–Khand-type reaction with silyl cya-
nides.
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are precursors to various chemically and medicinally relevant
heterocycles.[48]
Interestingly, when another titanium(IV) catalyst is used,
a double isocyanide insertion occurs, affording densely
functionalized diaminopyrroles 80 (Scheme 21).[49] This pseu-
do-four-component reaction proceeds efficiently with both
terminal and unsymmetrical internal alkynes. After initial
formation of azatitanacyclobutene 81, the increased electron
density around the metal suppresses the protodemetalation
step after the first insertion, favoring a second insertion to
furnish intermediate 82. Odom and co-workers argued that
protodemetalation with this ligand system is slower because
of the decreased acidity of the coordinated amine prior to
protodemetalation after the first insertion (78 ; Scheme 20). In
this transformation only the sterically encumbered t-BuNC
proved successful. Sterically less demanding isocyanides
tended to react in a three-component reaction comparable
to the reaction described in Scheme 20.
2.4. Imidoylations Initiated by Other Processes
In an intriguing report, Sawamura and co-workers dis-
closed the only known example of a base metal catalyzed
isocyanide insertion reaction affording enantioenriched prod-
ucts (Scheme 22a), by employing CuI complexed to the chiral
NHC ligand L4.[50] While the mechanism was not fully
investigated, the authors proposed a Type II process involving
hydrosilicate intermediate 86 (Scheme 22b). However, as the
insertion of isocyanides into Cu@H bonds is known,[51] a 1,1-
migratory insertion following a Type I process into copper
hydride species 88 cannot be excluded without further studies.
Formal enantioselective SN2’ attack of the organocopper
Scheme 20. TiIV-catalyzed three-component reaction of amines, al-
kynes, and isocyanides.
Scheme 21. TiIV-catalyzed pseudo-four-component reaction to generate
diaminopyrroles.
Scheme 22. Asymmetric CuI-catalyzed synthesis of a-quaternary aldi-
mines employing chiral N-heterocyclic carbenes as ligands.
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species 87 onto the allylic phosphate 83 affords aldimines 84
in excellent yields with moderate to excellent ee. Both
primary and secondary aliphatic isocyanides as well as p-
methoxyphenyl isocyanide afforded the corresponding aldi-
mines 84 efficiently. As aldimines derived from non-aromatic
isocyanides tend to partially hydrolyze to the corresponding
aldehydes during work-up, these aliphatic products required
full hydrolysis to prevent the formation of complex product
mixtures. As such, the reported yields correspond to the final
aldehyde product obtained after hydrolysis.
3. Insertions of Isocyanides into Heteroatom–Metal
Bonds
The number of examples in the literature of base metal
catalyzed isocyanide insertions involving a TM-Z species
where Z is a heteroatom rather than carbon-based (Section 2)
has increased substantially since 2014. Type I a2 and Type II
imidoylations are typically involved in these reactions
(Scheme 1). Applications to the synthesis of several interest-
ing molecular scaffolds have been reported and will be
discussed in this Section.
An interesting example is the synthesis of unsymmetri-
cally substituted arylguanidines 90 using a cobalt catalyst
under ultrasound heating (Scheme 23).[52] The process in-
volves the imidoylative coupling of an aliphatic and an
aromatic amine using (t-BuO)2 as the oxidant (Scheme 24).
The initially formed aromatic C-amidinoylcobalt intermedi-
ate 92 can be formed by either a Type I or a Type II pathway.
After imidoylation, the authors suggested that one-electron
oxidation to intermediate 94 followed by homolysis of the C@
Co bond and further oxidation of amidinoyl radical 95 affords
alkylcyanamidium ion 96, which is trapped by the aliphatic
amine. The reaction tolerates primary, secondary, and tertiary
isocyanides, but most examples utilize t-BuNC (14). A similar
CoII-catalyzed transformation using water or elemental sulfur
to quench the intermediate alkylcyanamidium 96 leads to
unsymmetrical (thio)ureas, again starting from anilines 89.[53]
In 2014, Zhu et al. devised a novel approach to the
construction of benzo-fused 2-aminoquinolines 98.[54] Under
similar catalytic conditions as described in Scheme 23, a com-
plex of o-aminobiphenyls 97 and CoIIX2 undergoes deproto-
nation, isocyanide insertion, and one-electron oxidation to
afford amidinoyl CoIII species 99 (Scheme 25). The authors
proposed that subsequent homolysis of the cobalt–carbon
bond in CoIII species 99 furnishes amidinoyl radical 100, which
undergoes an intramolecular homolytic aromatic substitution
(HAS), affording the biologically valuable 6-aminophenan-
tridines 98 in low to moderate yields. Molecular oxygen was
used as the optimal oxidant. Although tertiary and secondary
aliphatic isocyanides react well, reactions of aromatic and
primary aliphatic isocyanides did not afford any of the desired
products.
A similar radical relay process was used to access 2-
aminoquinolines 103 by using the vinyl group of o-amino-
styrenes 102 as the radical acceptor (Scheme 26).[55] Although
this reaction proceeds via a similar mechanism as described in
Scheme 25, in this case, only tertiary isocyanides led to
efficient formation of 2-aminoquinolines 103. The authors
performed radical trapping experiments with TEMPO andScheme 23. CoII-catalyzed synthesis of unsymmetrical aryl guanidines.
Scheme 24. Proposed catalytic cycle of the CoII-catalyzed synthesis of unsymmetrical aryl guanidines.
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indeed detected the TEMPO–105 adduct by LC-MS analysis
together with a trace amount of product 103. The authors
claimed that this suggests the involvement of a radical
process. However, in the studies discussed in Schemes 24
and 25, no further detailed mechanistic investigations were
reported in this respect.
An interesting cobalt-catalyzed double insertion/silver-
catalyzed [3+2] cycloaddition cascade approach to iminopyr-
roloindoles 108 was reported by Gao and co-workers.[56]
Formamidine 109 is formed by isocyanide insertion into an
anilinocobalt species, formed from 2-alkynylaniline 107 and
Co(acac)2. Subsequently, the authors proposed an unconven-
tional second insertion, affording the 1,3-dipole intermediate
110, which undergoes a silver-catalyzed [3+2] cycloaddition.
The authors did not provide detailed mechanistic work to
support the formation of 1,3-dipole intermediate 110 from
formamidine 109. However, when the uncoordinated forma-
midine in intermediate 109 was subjected to the standard
reaction conditions with 1.1 equiv of isocyanide, product 108
did form in excellent yield, which makes the involvement of
intermediate 109 plausible (Scheme 27). Initially, the corre-
sponding pyrroloindoles are formed, but these oxidize rapidly
under air to the observed fused iminopyrroloindoles 108. The
reaction tolerates both aromatic and aliphatic isocyanides.
However, an aromatic substituent on the alkyne is required.
More recently, the same group extended this protocol to
a three-component reaction. By adding an additional aniline
(89), product 111 was obtained in a thermodynamically and
kinetically favored transimination (Scheme 28).[57]
In relation to this, it is perhaps surprising that already in
1974 Knol and co-workers showed that formimidates 113 can
be formed by insertion of aryl isocyanides into the O@H bond
of ethanol (Scheme 29).[58] The mechanism has remained
largely uninvestigated, but the authors proposed a nucleo-
philic attack of ethoxide onto the copper-coordinated isocy-
anide (complex 112 ; Type II, Scheme 1b). Several kinetic
experiments indeed appear to support this hypothesis.
Similar in situ formed imidates can be used in a one-pot
Van Leusen-type formal [3+2] cycloaddition with a-acidic
benzyl isocyanides.[21a] Here, 1,3-diarylimidazoles 116 are
formed in high yields and with high chemoselectivity under
Scheme 25. 6-Aminophenantridine synthesis using a CoII-catalyzed
aminoimidoylation/homolytic aromatic substitution (HAS) cascade
process.
Scheme 26. CoII-catalyzed aminoimidoylation cascade process towards
2-aminoquinolines.
Scheme 27. CoII/AgI tandem catalysis to iminopyrroloindoles.
Scheme 28. CoII/AgI tandem catalysis/transimination cascade to 111.
Angewandte
ChemieMinireviews
551Angew. Chem. Int. Ed. 2020, 59, 540 – 558 T 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org
CuI catalysis (Scheme 30). Only highly electrophilic aromatic
isocyanides (115) are sufficiently electron-deficient to be
efficiently transformed into the intermediate imidates 119,
which undergo the subsequent cycloaddition with a-acidic
benzyl isocyanides 114. Both experimental results and
in silico investigations suggest that the K+ counterion is
essential to obtain high yields of 119. Various substituted
benzyl and aryl isocyanides afford imidazoles 116 in moderate
to excellent yields. Additional DFT calculations indicate that
the energetic difference between possible Type I 2a and
Type II insertion (Scheme 1a, b) in this reaction is less than
1 kcalmol@1@1, meaning that both can occur.
Another CuI-catalyzed alkoxyimidoylation/condensation
cascade reaction was reported by Kim and Hong
(Scheme 31).[59] The in situ formed formimidate intermediate
123 condenses with the a-acidic arylacetonitrile (120),
affording 3-amino-2-arylacrylonitriles (121) in moderate to
excellent yields.
In addition to the above discussed substrates, bisnucleo-
philes are also frequently employed for isocyanide insertion
processes. The use of bisnucleophiles has been ubiquitous in
imidoylative transformations as they are valuable precursors
to a broad range of heterocycles. This is especially highlighted
by the numerous examples of palladium-catalyzed oxidative
isocyanide insertion reactions. The Pd-catalyzed oxidative
imidoylation of bisnucleophiles was first reported by our
group in 2012.[60] Since then, various base metal catalyzed
variants have been published.
Inexpensive K2S2O8 is the preferred oxidant in these
reactions. The cobalt-catalyzed insertion of isocyanides into 2-
(2-aminoaryl)benzimidazoles 124 (Scheme 32 a) affords ben-
zimidazole-fused 2-aminoquinazolines 125.[61] A plausible
mechanism proceeds via the intermediate amidinoyl cobalt-
(II) species 126, which undergoes a single-electron oxidation,
initiating the reductive elimination. Further one-electron
oxidation of the liberated CoI species regenerates the active
catalyst. Other nitrogen nucleophiles, such as the anthranila-
mide 128, can also be used. In a similar process, 2-(2-
aminophenyl)tetrazoles 129 and N-(benzimidazol-2-yl)guani-
dine 132[62] proved to be suitable substrates (Scheme 32b,c).
Compared to the Pd-catalyzed process,[63] cobalt catalysis has
a higher tolerance for aliphatic and aromatic isocyanides.
Unfortunately, O2 seems not to be a suitable oxidant.
A nickel-catalyzed version with similar substrates 124 was
reported to afford aminobenzimidazoquinazolines 125
(Scheme 33).[64] Interestingly, the scope of isocyanides toler-
ated by this reaction is broader than that of the comparable
cobalt-catalyzed processes discussed in Scheme 32, even
tolerating benzylic and a-acidic isocyanides. Moreover, oxy-
gen, the most abundant and sustainable oxidant, can be used
in this reaction. Also, this NiII-catalyzed process could be
extended to a one-pot reaction starting from isatoic anhy-
drides 134, affording the fused tetracycles 125 in reasonable
30–76% yield.
In 2013, Ji et al. reported the synthesis of 2-aminobenzi-
midazoles, -benzoxazoles, and -benzothiazoles (137) via
a CoII-catalyzed reaction of isocyanides with 2-aminoanilines,
2-aminophenols, and 2-aminothiophenols (136), respectively
(Scheme 34).[65] This exemplifies that bisnucleophiles do not
need to be diamines. While the reported yields are lower than
for the analogous Pd-catalyzed reactions,[60] this transforma-
tion is significantly more compatible with aliphatic, aromatic,
and a-acidic isocyanides. Again, K2S2O8 was used as the
oxidant (Scheme 32).
These privileged scaffolds (137) are also accessible by
oxidative nickel catalysis,[66] and both primary, secondary, and
tertiary aliphatic as well as aromatic isocyanides afforded the
products 137 in moderate to excellent yields (Scheme 35).
TEMPO was required as the oxidant.
Scheme 29. Early copper-mediated N-aryl imidate synthesis.
Scheme 30. N,3-Diarylimidazole synthesis by a CuI-catalyzed alkoxyimi-
doylation/[3+2] cycloaddition cascade.
Scheme 31. CuI-catalyzed alkoxyimidoylation/condensation cascade.
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Recently, Li and co-workers reported the first base metal
catalyzed aerobic double isocyanide insertion (Scheme 36) to
access triiminothiazoles.[67] The authors proposed that molec-
ular oxygen from air facilitates the oxidation of Ni0 to NiII,
hereby closing the catalytic cycle. The NiII-catalyzed reaction
tolerates electronically diverse aliphatic and aromatic iso-
cyanides. Starting from non-symmetrical substituted thiour-
eas (138), mixtures of regioisomeric iminothiazoles (139a/
139 b, 1:1 to 9:1) were obtained in reasonable to good yields.
The final bisnucleophile-based insertion reaction dis-
cussed here is the CuI-catalyzed synthesis of benzothiazole-
thiones (143) reported by Liang and co-workers. In their
reaction, the N,S-bisnucleophile 144 was generated in situ by
a non-imidoylative CuI-catalyzed Ullmann coupling of iodoa-
niline 140 and K2S (Scheme 37).
[68] This is followed by a Cu-
catalyzed reaction with isocyanide 141 and K2S. The oxidation
state of copper in the intermediates is unclear. Although the
isocyanide in this reaction serves merely as a C1 donor, the use
of toluenesulfonylmethyl isocyanide (141) is essential. Em-
ploying t-BuNC leads to significant formation of 2-amino-
benzothioazoles (137; Scheme 35, R2 = t-Bu,Y= S).
4. Insertions of Isocyanides into TM=C and TM=N
Bonds
4.1. Insertion of Isocyanides into Metal Carbene Complexes
Metallocarbenes involving base metals have been used as
substrates in reactions with isocyanides. The reaction of an
isocyanide with a TM=C p-bond can be categorized as
a Type III insertion (Scheme 1 c). The general mechanism of
the insertion of isocyanides via carbene transfer into the TM=
C bond of Fischer carbenes 147 was extensively investigated
Scheme 32. Fused heterocycles obtained by CoII-catalyzed imidoylation
of diamine bisnucleophiles.
Scheme 33. NiII-catalyzed imidoylation towards aminobenzimidazoqui-
nazolines (125).
Scheme 34. CoII-catalyzed imidoylation of 2-aminoanilines or 2-amino-
(thio)phenols.
Scheme 35. NiII-catalyzed imidoylation of 2-aminoanilines or 2-amino-
(thio)phenols.
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in silico by Sierra and co-workers.[69] They showed that
a metallacyclopropanimine intermediate 150 is more likely
than the previously considered zwitterionic species 149
(Scheme 38). 1,2-Metallotropic rearrangement of 150 then
affords N-metalated ketenimine 148.[6a,70]
Although the reported examples make use of stoichio-
metric metallocarbenes, there is potential for the develop-
ment of catalytic variants, for example, from diazo com-
pounds, in which the in situ generated ketenimines are
immediately used in follow-up reactions.
A recent example uses Fischer carbene 151 and gives
intermediate species 154 after [3+2] cycloaddition with 152
(Scheme 39). Subsequent isocyanide insertion furnishes the
electron-rich ketenimine 155, which then undergoes a 6p-
electrocyclization to give bis-annulated anisole derivatives
153.[71] Only two examples of this 3-CR were reported, both
with tert-butyl isocyanide (14).
4.2. Insertions of Isocyanides into Metal Nitrene Complexes
Closely related to the carbene transfer to isocyanides is
the insertion of isocyanides into metal nitrene complexes,
usually leading to carbodiimides. As metal nitrene complexes
are mostly generated in situ from azides, the metal complexes
can be used in catalytic amounts. Although some interesting
examples have been reported, the development of these base
metal catalyzed reactions is still in its infancy.
A reaction based on this principle is shown in Scheme 40.
The carbodiimides (157) can be prepared by a Cr-catalyzed
nitrene transfer to isocyanides.[72] The bulkiness of both the
azide and the isocyanide proved to be highly important. The
use of sterically less demanding azides resulted in the
formation of an unreactive, saturated CrVI complex.
Holland and co-workers reported a similar reaction that
presumably proceeds via an FeI complex of aryl azides 156
and isocyanides (Scheme 41). Mechanistic studies revealed
that transition state 160 is involved and that most likely imido
Scheme 37. Auto-tandem CuI-catalyzed reaction to benzothiazole-
thiones.
Scheme 38. General mechanism for carbene transfer to isocyanides.
Scheme 39. Three-component reaction with Fischer carbene 151.
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attack occurs to the metal-bound isocyanide (Type III in-
sertion, Scheme 1c). The scope with regard to both the
isocyanide and azide is rather limited.[73] Only t-BuNC and
2,6-xylyl isocyanide gave successful reactions, affording the
corresponding carbodiimides in good to excellent yields. It
should be noted that Wiese and co-workers reported a NiI-
catalyzed process utilizing similar diamino ligands.[74] Al-
though the carbodiimines 157 were formed in less reprodu-
cible yields than in the Fe-catalyzed process, the reaction with
Ni tolerates electronically more diverse azides, such as
sulfonyl azides and acylazides. Again, only tert-butyl and
xylyl isocyanide were employed in this NiI-catalyzed process.
In the presence of an additional nucleophile, these
carbodiimides can be transformed in situ. The catalyst can
then additionally act as a Lewis acid, facilitating addition.
Recently, Ji and co-workers reported a 3-CR affording highly
substituted guanidines 163 (Scheme 42).[21b] This cobalt-cata-
lyzed process does not require special ligands or glovebox
conditions. Extensive EPR analysis and theoretical calcula-
tions support a catalytic mechanism involving a nitrene
radical (165 ; Scheme 43). This pathway allows formation of
carbodiimide 167, via a CoII/CoIII catalyzed process, which
then reacts with amine 71 providing N-sulfonyl guanidine 163.
The reaction tolerates a wide variety of aliphatic, aromatic,
and a-acidic isocyanides.
A similar transformation using alcohols instead of amines
was developed to furnish the corresponding N-sulfonyl
isoureas 170 (Scheme 44) in comparable yields to the
guanidine synthesis.[75] In this case, the intermediate carbo-
diimides are trapped with alcohols.
Furthermore, a pseudo-four-component reaction involv-
ing two isocyanides, sulfonyl azide, and water affording a-
amidoamidines under cobalt catalysis was recently de-
scribed.[76] Interestingly, in this reaction, the in situ formed
electron-deficient carbodiimide 172 undergoes selective nu-
cleophilic attack by a second isocyanide 2 before addition of
less nucleophilic water to nitrilium ion 173 occurs, to give N-
sulfonyl a-amidoamidines 171 (Scheme 45). On the other
hand, utilizing aromatic isocyanides 115 in the absence of
water (Scheme 46) facilitates an intramolecular electrophilic
aromatic substitution of nitrilium ion intermediate 176,
affording stable aminoiminoindoles 174 in moderate to high
yields.
5. Summary and Outlook
Base metal catalyzed isocyanide insertion processes,
although still in their infancy, hold great potential for
Scheme 41. FeI-catalyzed carbodiimide synthesis from aryl azides and
isocyanides.
Scheme 42. Three-component synthesis of unsymmetrical N-sulfonylat-
ed guanidines by CoII catalysis.
Scheme 43. Proposed mechanism for the CoII-catalyzed formation of
guanidines via intermediate carbodiimide species.
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applications in organic and heterocyclic synthesis. The
(formal) migratory insertion of isocyanides into in situ formed
TM@C, TM@X, TM=C, and TM=N bonds provides promising
pathways to utilize isocyanides as valuable C1 building blocks
in organic synthesis. However, many reports only show
applications of rather simple and hindered isocyanides. In
particular, the cobalt- and nickel-based reactions discussed
here often show a remarkable tolerance for more advanced,
functionalized isocyanides. However, when other base metals
are used, more challenging unhindered and/or aromatic
isocyanides typically cannot be used. This is mainly due to
the occurrence of multiple insertions, resulting in competing
polymerization. In oxidative processes, the combination with
inexpensive oxidants (peroxides, peroxydisulfate, oxygen) has
proven quite productive. However, the loading of the base
metal catalyst is often still relatively high. On the other hand,
toxicity issues related to some specific base metal salts (e.g.,
for some Co salts) require careful analysis of the alternatives
for the traditional noble-TM-based catalytic systems.[77] To
advance this chemistry towards predictable transformations
for synthetic organic chemists, detailed mechanistic studies
are of pivotal importance. Most studies reported thus far are
still rather phenomenological and do not focus on a clear
understanding of what is actually going on in the underlying
catalytic process. This, to our opinion, is the major unsolved
issue in this field. Mechanistic insight in combination with
rational ligand design should, however, bring this method-
ology to the next level, similar to what has happened in the
development of reactions involving Pd-catalyzed isocyanide
insertions.[78] At present, the catalytic cycles are still largely
speculative, which is not uncommon for an emerging field.
Especially the carbene and nitrene transfer processes hold
much promise but have only scarcely been reported thus far.
We believe that the future of this chemistry aligns with the
general strive towards the development of more sustainable
chemistry, in which the use of catalysts based on more
abundant, cheaper, and less toxic base metals instead of noble
metals plays a pivotal role. We hope that this Minireview will
catalyze further research in this area towards the develop-
ment of new processes to efficiently assemble high added-
value compounds.
Acknowledgements
Financial support from The Netherlands Organization for
Scientific Research (NWO), the Research Foundation Flan-
ders (FWO; Excellence of Science (EOS) grants G0H0918N
and WOG), the Francqui Foundation, and the University of
Antwerp (BOF Scholarship to J.W.C.) is gratefully acknowl-
edged.
Conflict of interest
The authors declare no conflict of interest.
How to cite: Angew. Chem. Int. Ed. 2020, 59, 540–558
Angew. Chem. 2020, 132, 548–566
[1] a) T. Mesganaw, N. K. Garg, Org. Process Res. Dev. 2013, 17, 29 –
39; b) B. Su, Z.-C. Cao, Z.-J. Shi, Acc. Chem. Res. 2015, 48, 886 –
896; c) B. D. Sherry, A. Fgrstner, Acc. Chem. Res. 2008, 41,
1500 – 1511; d) T. B. Boit, N. A. Weires, J. Kim, N. K. Garg, ACS
Catal. 2018, 8, 1003 – 1008; e) J. Maes, E. A. Mitchell, B. U. W.
Maes in Green and Sustainable Medicinal Chemistry: Methods,
Tools and Strategies for the 21st Century Pharmaceutical
Industry, The Royal Society of Chemistry, London, 2016,
pp. 192 – 202.
[2] a) V. Lyaskovskyy, B. de Bruin, ACS Catal. 2012, 2, 270 – 279;
b) O. R. Luca, R. H. Crabtree, Chem. Soc. Rev. 2013, 42, 1440 –
1459.
[3] P. Slobbe, E. Ruijter, R. V. A. Orru, MedChemComm 2012, 3,
1189 – 1218.
[4] a) I. Ugi, A. Dçmling, B. Ebert in Combinatorial Chemistry,
Vol. 1 (Ed.: G. Jung), Wiley-VCH, Weinheim, 2007, pp. 125 –
165; b) I. Ugi, B. Werner, A. Dçmling, Molecules 2003, 8, 53.
[5] a) A. Dçmling, Chem. Rev. 2006, 106, 17 – 89; b) A. Dçmling, W.
Wang, K. Wang, Chem. Rev. 2012, 112, 3083 – 3135; c) C.
de Graaff, E. Ruijter, R. V. A. Orru, Chem. Soc. Rev. 2012, 41,
3969 – 4009.
Scheme 45. Multicomponent synthesis of a-amidoamidines by CoII
catalysis.
Scheme 46. CoII-catalyzed 3-CR to aminoiminoindoles 174.
Angewandte
ChemieMinireviews
556 www.angewandte.org T 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 540 – 558
[6] a) V. P. Boyarskiy, N. A. Bokach, K. V. Luzyanin, V. Y. Kukush-
kin, Chem. Rev. 2015, 115, 2698 – 2779; b) G. Qiu, Q. Ding, J. Wu,
Chem. Soc. Rev. 2013, 42, 5257 – 5269.
[7] T. Vlaar, E. Ruijter, B. U. W. Maes, R. V. A. Orru, Angew. Chem.
Int. Ed. 2013, 52, 7084 – 7097; Angew. Chem. 2013, 125, 7222 –
7236.
[8] S. Lang, Chem. Soc. Rev. 2013, 42, 4867 – 4880.
[9] P. C. Rickwood in Handbook of Exploration Geochemistry,
Vol. 3 (Ed.: G. J. S. Govett), Elsevier Science B. V., Amsterdam,
1983, pp. 347 – 387.
[10] Metal prices, https://www.metalbulletin.com/; accessed Novem-
ber 27, 2018.
[11] a) Y. Li, Y. Hu, X.-F. Wu, Chem. Soc. Rev. 2018, 47, 172 – 194;
b) X.-F. Wu, H. Neumann, M. Beller, Chem. Rev. 2013, 113, 1 –
35.
[12] a) J. G. P. Delis, P. G. Aubel, K. Vrieze, P. W. N. M. van Leeu-
wen, N. Veldman, A. L. Spek, F. J. R. van Neer, Organometallics
1997, 16, 2948 – 2957; b) L. Canovese, F. Visentin, C. Santo, C.
Levi, Organometallics 2009, 28, 6762 – 6770; c) L. Canovese, F.
Visentin, C. Santo, C. Levi, A. Dolmella, Organometallics 2007,
26, 5590 – 5601.
[13] B. F. Wicker, M. Pink, D. J. Mindiola, Dalton Trans. 2011, 40,
9020 – 9025.
[14] J. Cano, M. Sudupe, P. Royo, M. E. G. Mosquera, Organo-
metallics 2005, 24, 2424 – 2432.
[15] M. Vivanco, J. Ruiz, C. Floriani, A. Chiesi-Villa, C. Rizzoli,
Organometallics 1993, 12, 1794 – 1801.
[16] P. L. Motz, J. J. Alexander, D. M. Ho, Organometallics 1989, 8,
2589 – 2601.
[17] Y. Yamamoto, H. Yamazaki, Inorg. Chem. 1977, 16, 3182 – 3186.
[18] P. Kofod, P. Harris, S. Larsen, Inorg. Chem. 2003, 42, 244 – 249.
[19] S. Otsuka, A. Nakamura, T. Yoshida, J. Am. Chem. Soc. 1969, 91,
7196 – 7198.
[20] Y. Ito, T. Konoike, T. Saegusa, J. Organomet. Chem. 1975, 85,
395 – 401.
[21] a) B. Pooi, J. Lee, K. Choi, H. Hirao, S. H. Hong, J. Org. Chem.
2014, 79, 9231 – 9245; b) Z.-Y. Gu, Y. Liu, F. Wang, X. Bao, S.-Y.
Wang, S.-J. Ji, ACS Catal. 2017, 7, 3893 – 3899.
[22] B. Zhang, A. Studer, Chem. Soc. Rev. 2015, 44, 3505 – 3521.
[23] K. Sugano, T. Tanase, K. Kobayashi, Y. Yamamoto, Chem. Lett.
1991, 20, 921 – 924.
[24] X.-D. Fei, T. Tang, Z.-Y. Ge, Y.-M. Zhu, Synth. Commun. 2013,
43, 3262 – 3271.
[25] J.-M. Wang, X. Jiang, T. Tang, Y.-M. Zhu, J.-K. Shen, Hetero-
cycles 2014, 89, 1441 – 1453.
[26] P. J. Boissarie, Z. E. Hamilton, S. Lang, J. A. Murphy, C. J.
Suckling, Org. Lett. 2011, 13, 6256 – 6259.
[27] I. Yavari, M. Ghazanfarpour-Darjani, M. J. Bayat, Tetrahedron
Lett. 2014, 55, 4981 – 4982.
[28] Y. Li, J. Cao, Q. Zhu, X. Zhang, G. Shi, Russ. J. Gen. Chem. 2016,
86, 668 – 671.
[29] M. Tobisu, H. Fujihara, K. Koh, N. Chatani, J. Org. Chem. 2010,
75, 4841 – 4847.
[30] L. M. Heckman, Z. He, T. F. Jamison, Org. Lett. 2018, 20, 3263 –
3267.
[31] a) J. Wencel-Delord, T. Drçge, F. Liu, F. Glorius, Chem. Soc. Rev.
2011, 40, 4740 – 4761; b) C. Sambiagio, D. Schçnbauer, R. Blieck,
T. Dao-Huy, G. Pototschnig, P. Schaaf, T. Wiesinger, M. F. Zia, J.
Wencel-Delord, T. Besset, B. U. W. Maes, M. Schngrch, Chem.
Soc. Rev. 2018, 47, 6603 – 6743.
[32] a) S. T. Gadge, B. M. Bhanage, RSC Adv. 2014, 4, 10367 – 10389;
b) X.-X. Guo, D.-W. Gu, Z. Wu, W. Zhang, Chem. Rev. 2015, 115,
1622 – 1651; c) B. Song, B. Xu, Chem. Soc. Rev. 2017, 46, 1103 –
1123.
[33] W. D. Jones, G. P. Foster, J. M. Putinas, J. Am. Chem. Soc. 1987,
109, 5047 – 5048.
[34] F. Zou, X. Chen, W. Hao, Tetrahedron 2017, 73, 758 – 763.
[35] D. Kalsi, N. Barsu, B. Sundararaju, Chem. Eur. J. 2018, 24, 2360 –
2364.
[36] Z.-Y. Gu, C.-G. Liu, S.-Y. Wang, S.-J. Ji, J. Org. Chem. 2017, 82,
2223 – 2230.
[37] W. Hao, J. Tian, W. Li, R. Shi, Z. Huang, A. Lei, Chem. Asian J.
2016, 11, 1664 – 1667.
[38] K. Takamatsu, K. Hirano, M. Miura, Org. Lett. 2015, 17, 4066 –
4069.
[39] D. Li, T. Mao, J. Huang, Q. Zhu, Chem. Commun. 2017, 53,
1305 – 1308.
[40] M. Lautens, W. Klute, W. Tam, Chem. Rev. 1996, 96, 49 – 92.
[41] J. Blanco-Urgoiti, L. AÇorbe, L. P8rez-Serrano, G. Dom&nguez,
J. P8rez-Castells, Chem. Soc. Rev. 2004, 33, 32 – 42.
[42] K. Tamao, K. Kobayashi, Y. Ito, J. Am. Chem. Soc. 1988, 110,
1286 – 1288.
[43] M. Zhang, S. L. Buchwald, J. Org. Chem. 1996, 61, 4498 – 4499.
[44] S. C. Berk, R. B. Grossman, S. L. Buchwald, J. Am. Chem. Soc.
1994, 116, 8593 – 8601.
[45] R.-J. Liu, P.-F. Wang, W.-K. Yuan, L.-R. Wen, M. Li, Adv. Synth.
Catal. 2017, 359, 1373 – 1378.
[46] C. Cao, Y. Shi, A. L. Odom, J. Am. Chem. Soc. 2003, 125, 2880 –
2881.
[47] S. Banerjee, Y. Shi, C. Cao, A. L. Odom, J. Organomet. Chem.
2005, 690, 5066 – 5077.
[48] A. L. Odom, T. J. McDaniel, Acc. Chem. Res. 2015, 48, 2822 –
2833.
[49] E. Barnea, S. Majumder, R. J. Staples, A. L. Odom, Organo-
metallics 2009, 28, 3876 – 3881.
[50] K. Hojoh, H. Ohmiya, M. Sawamura, J. Am. Chem. Soc. 2017,
139, 2184 – 2187.
[51] A. J. Jordan, C. M. Wyss, J. Bacsa, J. P. Sadighi, Organometallics
2016, 35, 613 – 616.
[52] T.-H. Zhu, S.-Y. Wang, T.-Q. Wei, S.-J. Ji, Adv. Synth. Catal. 2015,
357, 823 – 828.
[53] T.-H. Zhu, X.-P. Xu, J.-J. Cao, T.-Q. Wei, S.-Y. Wang, S.-J. Ji, Adv.
Synth. Catal. 2014, 356, 509 – 518.
[54] T.-H. Zhu, S.-Y. Wang, Y.-Q. Tao, T.-Q. Wei, S.-J. Ji, Org. Lett.
2014, 16, 1260 – 1263.
[55] P. Xu, T.-H. Zhu, T.-Q. Wei, S.-Y. Wang, S.-J. Ji, RSC Adv. 2016,
6, 32467 – 32470.
[56] Q. Gao, P. Zhou, F. Liu, W.-J. Hao, C. Yao, B. Jiang, S.-J. Tu,
Chem. Commun. 2015, 51, 9519 – 9522.
[57] W.-J. Hao, Y.-N. Wu, Q. Gao, S.-L. Wang, S.-J. Tu, B. Jiang,
Tetrahedron Lett. 2016, 57, 4767 – 4769.
[58] D. Knol, C. P. A. van Os, W. Drenth, Recl. Trav. Chim. Pays-Bas
1974, 93, 314 – 316.
[59] S. Kim, S. H. Hong, Adv. Synth. Catal. 2015, 357, 1004 – 1012.
[60] T. Vlaar, R. C. Cioc, P. Mampuys, B. U. W. Maes, R. V. A. Orru,
E. Ruijter, Angew. Chem. Int. Ed. 2012, 51, 13058 – 13061;
Angew. Chem. 2012, 124, 13235 – 13238.
[61] F. Ahmadi, A. Bazgir, RSC Adv. 2016, 6, 61955 – 61958.
[62] F. Ahmadi, P. Mirzaei, A. Bazgir, Tetrahedron Lett. 2017, 58,
4281 – 4284.
[63] T. Vlaar, L. Bensch, J. Kraakman, C. M. L. Van de Velde,
B. U. W. Maes, R. V. A. Orru, E. Ruijter, Adv. Synth. Catal.
2014, 356, 1205 – 1209.
[64] A. H. Shinde, S. Arepally, M. D. Baravkar, D. S. Sharada, J. Org.
Chem. 2017, 82, 331 – 342.
[65] T.-H. Zhu, S.-Y. Wang, G.-N. Wang, S.-J. Ji, Chem. Eur. J. 2013,
19, 5850 – 5853.
[66] G.-N. Wang, T.-H. Zhu, S.-Y. Wang, T.-Q. Wei, S.-J. Ji,
Tetrahedron 2014, 70, 8079 – 8083.
[67] W.-K. Yuan, Y. F. Liu, Z. Lan, L.-R. Wen, M. Li, Org. Lett. 2018,
20, 7158 – 7162.
[68] P. Dang, W. Zeng, Y. Liang, Org. Lett. 2015, 17, 34 – 37.
[69] I. Fern#ndez, F. P. Coss&o, M. A. Sierra, Organometallics 2007,
26, 3010 – 3017.
Angewandte
ChemieMinireviews
557Angew. Chem. Int. Ed. 2020, 59, 540 – 558 T 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org
[70] R. Aumann, Angew. Chem. Int. Ed. Engl. 1988, 27, 1456 – 1467;
Angew. Chem. 1988, 100, 1512 – 1524.
[71] J. Barluenga, J. Garc&a-Rodr&guez, S. Mart&nez, A. L. Su#rez-
Sobrino, M. Tom#s, Chem. Eur. J. 2006, 12, 3201 – 3210.
[72] M. Yousif, D. J. Tjapkes, R. L. Lord, S. Groysman, Organo-
metallics 2015, 34, 5119 – 5128.
[73] R. E. Cowley, M. R. Golder, N. A. Eckert, M. H. Al-Afyouni,
P. L. Holland, Organometallics 2013, 32, 5289 – 5298.
[74] S. Wiese, M. J. B. Aguila, E. Kogut, T. H. Warren, Organo-
metallics 2013, 32, 2300 – 2308.
[75] R. Zhang, X. Shi, Q. Yan, Z. Li, Z. Wang, H. Yu, X. Wang, J. Qi,
M. Jiang, RSC Adv. 2017, 7, 38830 – 38833.
[76] Z.-Y. Gu, J.-H. Li, S.-Y. Wang, S.-J. Ji, Chem. Commun. 2017, 53,
11173 – 11176.
[77] https://chemicalwatch.com/56054/eu-commission-seeks-cobalt-
salts-restriction, accessed November 28, 2018.
[78] a) L. A. Perego, P. Fleurat-Lessard, L. El Ka"m, I. Ciofini, L.
Grimaud, Chem. Eur. J. 2016, 22, 15491 – 15500; b) S. J. Tereniak,
S. S. Stahl, J. Am. Chem. Soc. 2017, 139, 14533 – 14541.
Manuscript received: May 10, 2019
Revised manuscript received: July 1, 2019
Accepted manuscript online: July 9, 2019
Version of record online: October 4, 2019
Angewandte
ChemieMinireviews
558 www.angewandte.org T 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 540 – 558
